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10bjectives

The purpose of this note is to document the FEA confirming that the design of E906 Stations 3 &
4 Support Frame (see Figure 11) meets requirements of Allowable Strength Design (ASD) as
defined by The AISC Steel Construction Manual, 13" Edition.
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Figure 1 E906 Station 3 &4 Support Frame structural members (shown in light
green) are AISC size W8x31 wide-flange I-beams. The drop connectors (shown in
gray) connect the detectors to the structure.

2Limitations

This analysis is limited to the Support Frame structure. The analysis is contingent upon the use
meeting the assumptions specified in section 5.
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3Acceptance Criteria

The acceptance criteria are to meet the requirements of the AISC Steel Construction Manual 13™
Edition, using ASD (Note that in the 13" Edition, unlike previous editions, that ASD is
Allowable Strength Design instead of Allowable Stress Design, where strength is intended to
mean maximum applied load). The requirements are defined in Part 16, Specifications and
Codes.

4Methodology

The methodology of calculation was based on static elastic FEA, which was verified by
following the AISC Steel Construction Manual code to determine the allowable loading in the
structure.

SAssumptions

The following assumptions are made with regard to the construction of the Support Frame
structure:

* The material used for construction of the structure is A36 steel with linear elastic behavior

The A36 steel has a Young’s Modulus of 29¢6 psi and poisson’s ratio of 0.30

The design of the Support Frame structure is described by the file
Station 3 and 4 Layout for Kevin.stp.

All members have rigid, moment transferring connections to one another

All columns are fixed in all degrees of freedom at their bases
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5.1 Support Frame applied loads

There are three load cases in this FEA:

* Load Case #1 models the detectors in place plus gravitational loading from the mass of the
structural members (See Fig. 2)

* Load Case #2 models the effect of moving detectors out for service plus gravitational loading from
the mass of the structural members (See Fig. 3)

* Load Case #3 has the loads from Load Case #1 plus an additional seismic load (See Fig. 4)
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ELEMENTS AN
l SEP 1 2010
08:11:11
F o
ACEL b
f. ‘[' |I
| g )
!
1 H
%
N’
CAD_load | CAD_load Cross CAD_load_ Total Detector
Xeast Xwest Beam No. z Weight Type

Chamber 3 Lower 1 -44.403
Chamber 3 Upper -48.629 48.629 2 -16.773 770 fixed
Hodo 3x -46.5 46.5 3 -7.31 540 sliding
Iron Wall 0 0 4 19.6 0
Station 4a prop tube X -75 75 5 46.06 870 fixed
Station 4a Prop tube Y -75.5 75.5 6 52.68 870 fixed
Station 4Ya1 Hodo -15 67.25 7 60.44 450 sliding
Station 4Ya2 Hodo -67.25 15 8 66.31 450 sliding
Station 4bx Prop tubes -75 75 9 78.06 870 fixed
Station 4BY1 Hodo -15 67.25 10 84.88 450 sliding
Station 4BY2 Hodo -67.25 15 11 90.75 450 sliding
Stations 4BX Hodo -62.5 62.5 12 98.5 775 sliding
Station 4by Prop tubes -75.5 75.5 13 159 870 fixed

Figure 2:

Load Case #1, Detectors in place, Gravity load.
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ELEMENTS AN
SEP 1 2010
l 08:21:23
F
ACEL l
It |
|
| !
{
3
# )
N

CAD_load | CAD_load Cross CAD_load_ Total Detector

Xeast Xwest Beam No. z Weight Type
Chamber 3 Lower 1 -44.403
Chamber 3 Upper -48.629 48.629 2 -16.773 770 fixed
Hodo 3x -46.5 46.5 3 -7.31 540 sliding
Iron Wall 0 0 4 19.6 0
Station 4a prop tube X -75 75 5 46.06 870 fixed
Station 4a Prop tube Y -75.5 75.5 6 52.68 870 fixed
Station 4Ya1 Hodo -15 67.25 7 60.44 450 sliding
Station 4Ya2 Hodo -67.25 15 8 66.31 450 sliding
Station 4bx Prop tubes -75 75 9 78.06 870 fixed
Station 4BY1 Hodo -15 67.25 10 84.88 450 sliding
Station 4BY2 Hodo -67.25 15 11 90.75 450 sliding
Stations 4BX Hodo -62.5 62.5 12 98.5 775 sliding
Station 4by Prop tubes -75.5 75.5 13 159 870 fixed

Figure 3: Load Case #2, Detectors rolled out, Gravity load.
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ELEMENTS AN
SEP 1 2010
08:34:24
F
ACEL

CAD_load A CAD_load CAD_load_ Total Seismic Loads
Xeast Xwest z Weight

Chamber 3 Lower 1 -44.403 Ly Ry Lx Rx
Chamber 3 Upper -48.629 48.629 2 -16.773 770 fixed 444 326 57.75 57.75
Hodo 3x -46.5 46.5 3 -7.31 540 sliding 168 -708 40.5 40.5
Iron Wall 0 0 4 19.6 0

Station 4a prop tube X -75 75 5 46.06 870 fixed 520 350 65.25 65.25
Station 4a Prop tube Y -75.5 75.5 6 52.68 870 fixed 519 351 65.25 65.25
Station 4Ya1 Hodo -15 67.25 7 60.44 450 sliding 158 -608 33.75 33.75
Station 4Ya2 Hodo -67.25 15 8 66.31 450 sliding 158 -608 33.75 33.75
Station 4bx Prop tubes -75 75 9 78.06 870 fixed 520 350 65.25 65.25
Station 4BY 1 Hodo -15 67.25 10 84.88 450 sliding 158 -608 33.75 33.75
Station 4BY2 Hodo -67.25 15 1 90.75 450 sliding 158 -608 33.75 33.75
Stations 4BX Hodo -62.5 62.5 12 98.5 775 sliding 182 -957 58.125 58.125
Station 4by Prop tubes -75.5 75.5 13 159 870 fixed 519 351 65.25 65.25

Figure 4: Load Case #3, Detectors in place, Gravity load, Seismic X load.

6. Calculation

6.1 FEA Load Case #1 Results

Load Case #1 is the standard configuration with loading applied from each detector. In Fig. 5, the
bending stress combined with the direct stress is shown in psi. The maximum combined stress (2139 psi)
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is in the W8X31 beams located at the top on either side of the beamline. The minimum stress is found in

the same beams with a value of -2241 psi.
In Fig. 6, the deflection in the vertical direction is shown. The ends of the W8X31 beams on the sides
deflect up by 0.016 inches. Near the midpoint of the same beams, the deflection is down by 0.044 inches.

AN

SEP 1 2010
07:59:35

LINE STRESS

STEP=1

SUB =1

TIME=1

SIGMAT SIGMAJ
MIN =-2241
ELEM=1838

MAX =2139
ELEM=19035

-294.57 678.697 1652
1165 2139

-2241 -1268 .
-1754 -781.203 192.064

Figure 5 Bending + Direct Stress plot for Load Case #1.
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NODAL SOLUTION AN
SEP 1 2010
ATER=L 08:03:21
SUB =1
TIME=1
uy (AVGE)
R3YS=0
DMX =.044482
SMN =-.04394
SMX =.015813
PRI
-.04394 -.030661 -.017383 -.004105 .009174
-.037301 -.024022 -.010744 002534 .015813
Figure 6 Y Deflection plot for Load Case #1
Table 1: Reaction at column bases, Load Case #1
COLUMN A B C D
FX -17.218 -16.912 17.079 17.051
FY 4702 .4 2495 .4 4691.1 2506.7
Fz 199.33 -199.21 200.07 -200.19
MX 14344, -12921. 14417. -12965.
MY 0.24502E-01 .33351E-01 0.25160E-01 .15094E-01
MZ 1199.7 1172.4 -1184.0 -1188.1

6.2 FEA Load Case #2 Results

Load Case #2 is the configuration with loading applied from each detector, but detectors that are able to
slide out for maintenance apply their loads to just one side of the structure. In Fig. 7, the bending stress
combined with the direct stress is shown in psi. The maximum combined stress (2629 psi) is in the
W8X31 beam located at the top on the side of the beamline where detectors are slid out for maintenance.
The minimum stress is found in the same beam with a value of -2679 psi.



Page 13 of 32

Title:

Finite Element Analysis of E906 Station 3 & 4 Detector Support Structure at Fermilab

Calculation No.:

NE-EO-2011-003 Revision Number: 1

In Fig. 8, the deflection in the vertical direction is shown. The end of the W8X31 beam on the
maintenance side deflects up by 0.018 inches. Near the midpoint of the same beam, the deflection is

down by 0.050 inches.

LINE STRESS

STEP=1

SUB =1

TIME=1

SIGMAT SIGMAJ
MIN =-2679
ELEM=1838

MAX =2629
ELEM=1910

-2679

AN

SEP 1 2010
08:24:50

I

_
-320.105 859.569 2039

-1500
-909.942 269.732 1449

-2090 2629

Figure 7 Bending + Direct Stress plot for Load Case #2.
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NODAL SOLUTION AN
SEP 1 2010
ATEF=1 08:26:25
SUB =1
TIME=1
Uy (AVE)
REYS=0
DMX =.050632
SMN =-.050032
SMX =.017614
I
-.050032 -.035 -.010067 ~.004035 .010098
-.042516 -.027483 -.012451 .002582 .017614

Figure 8 Y Deflection plot for Load Case #2.

Table 2: Reaction at column bases, Load Case #2

COLUMN A B C D
FX -20.697 -16.522 16.353 20.866
FY 3986.0 2178.7 5344.1 2761.6
Fz 176.81 -172.99 256.21 -260.03
MX 11822. -10681. 17530. -15680.
MY 0.58606 0.58113 0.58681 0.55981
Mz 1407.1 986.26 -1019.3 -1462.2

6.3 FEA Load Case #3 Results

For a seismic event, Load Case #3has loading applied from each detector in its normal position, but a
horizontal load is added. The horizontal load is 0.15 times the load of the detector split between the two
support points. (Value of 0.15g provided by Dave Pushka.) In Fig. 9, the bending stress combined with
the direct stress is shown in psi. The maximum combined stress (1983 psi) is in the W8X31 beam located
at the front top in between the two detector support beams. The minimum stress is found in the same
beam with a value of -2286 psi.
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In Fig. 10, the deflection in the vertical direction is shown. The end of the W8X31 beam on one side
deflects up by 0.012 inches. Near the midpoint of the same beam, the deflection is down by 0.041 inches.

In Fig. 11, the deflection in the horizontal direction is shown. The highest magnitude deflection in X is
0.474 inches.

LINE STRESS

AN

SEP 1 2010
08:57:41

STEP=1
SUB =1
TIME=1
SIGMAT SIGMAJT
MIN =-2286
ELEM=66
MAY =1983
ELEM=138

Il

-2286

-1337

-388.691 560.077 1509
-1812 -863.074 85.693 1034

1983

Figure 9 Bending + Direct Stress plot for Load Case #3.
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NODAL SOLUTION AN

SEP 1 2010
08:59:31

STEP=1

SUB =1

TIME=1

Uy (AVG)
REYI=0

DMX =.473773
SMN =-.0412Z8
SMX =.012097

o
TR

e
i !

TG

-.041228 -.029378 -.017528 -.005678 .006172
-.035303 -.023453 -.011603 .Z47E-03 .012097

Figure 10 Vertical deflection plot for Load Case #3.



Page 17 of 32

Title: Finite Element Analysis of E906 Station 3 & 4 Detector Support Structure at Fermilab

Calculation No.: NE-EO-2011-003 Revision Number: 1

AN

SEP 1 2010
029:00:16

NODAL SOLUTION

STEP=1

SUB =1

TIME=1

Ux {AVG)
RSYS=0 My
DMX =.473773

SMN =-.472255

[

-.472255 -.367309 -.262364 -.157418 -.052473
-.419782 -.314837 -.209891 -.104946 0
Figure 11 Horizontal deflection plot for Load Case #3.

Table 3: Reaction at column bases, Load Case #3
COLUMN A B C D
FX 578.67 467.35 612.69 500.63
FY 3682.5 1719.1 2229.4 1720.6
Fz 287.70 -94.753 -24.661 -168.29
MX 24799. -1360.2 -5801.7 -15632.
MY -10.328 -18.045 -10.333 -18.068
Mz -60828. -48669. -63192. -50982.

6.4 Compressive Strength of the Column

The highest compressive force (taken from reaction force data in the FEA results) on any column from all
load cases is 5344 Ibf in Load Case #2. According to Section E3 of the Steel Construction Manual, the
nominal compressive strength for a W8X31 column is 135,000 Ibf. With the ASD safety factor of 1.67,
the allowable compressive strength is 80,000 Ibf. Since the load of 5344 1bf is less than the allowable, the
columns are strong enough to resist buckling
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6.5 Combined flexure and compression in column

The highest combination of compressive force and bending moment is found in Load Case #3. The
compressive load is 5297 Ibf, and the moment is 73,773 in-Ibf. Section H1 of the Steel Construction
Manual gives Eqn. H1-1b, which combines the ratios of applied load to allowable load. The combination
must be less than or equal to 1.0. For the case of the W8X31 column, the combination of ratios is 0.149,
well below 1.0.

6.6 Connections to floor and between members

Calculations for the following values are to be found in appendices C — H. The allowable strengths for
these portions of the structure are all far greater than the applied loads.

6.6.1 Base plate

The columns are welded all around to 17 thick base plates that are 12” square. The leg of the weld is
3/8”. The plates are bolted to the floor with 7/8” diameter threaded rod. See Figure 12 below. Since the
weld has greater area and greater moments of inertia than the column section, it is strong enough by
inspection. The threaded rods have a total shear force of 647 1bf, whereas the allowable shear force is
57,000 Ibf. The highest tensile load in any one threaded rod is 4270 1bf, but the allowable load is 27,000
Ibf. The allowable bearing strength for the bolt holes 32,000 Ibf.
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b

Figure 12 Base plate geometry. The column is has a 3/8” fillet weld all around. The
plate is connected to the floor with 7/8” threaded rod.

6.6.2 Column to beam
The joint between column and beam is similar to the base plate that connects the column to the floor. See
Figure 13 below. From the base plate calculations, we know that the bolted connection is strong enough.

The allowable shear strength of the weld from beam to column is 76,368 Ibf.
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Figure 13 Photo of the connection between column and beam. Design is similar to
that of the column base plate.

6.6.3 Beam to beam connection

The beam to beam connections are shown in Figure 14 below. Assuming the bolt diameter to be 0.5, the
allowable shear load on the bolts is 18,850 1bf.
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L

Figure 14 Photo of the beam to beam connection.
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TConclusions

7.1 The E906 Detector Support Frame design analyzed within this document under the
assumptions presented in section 5 meets the requirements as set out in the acceptance
criteria in section 3.

7.2 Maintenance loading and Seismic loading do not cause any of the columns to buckle.

7.3 Connections are strong enough to handle much higher loads than what this structure is
likely to encounter.

8References
/. AISC Steel Construction Manual 13" Edition

9Computer Software Specifications
ANSYS R12.1 by ANSYS, Inc.
Mathcad 14.0 M020 (14.0.2.5) by Parametric Technology Corporation
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APPENDIX 1
GENERAL CHECKING CRITERIA SHEET

CALCULATION CHECKLIST Yes | No | N/A Comments

1. Are analytical methods
appropriate?

2. Are assumptions appropriate?

3. Is the calculation complete?

4. Is the calculation mathematically
accurate?

5. Do calculation parameters comply
with design criteria/dimensions?

6. Were input data appropriate?

7. Does the calculation reference or
list applicable assumptions and
major equation sources?

N I e I O B A
N I e I O B A
N I e I O B A

COMPUTER CODE CHECKLIST Ye

»
Z
=}

Z

/A Comments

1. Was an applicable and valid
computer program used?

2. Are the input assumptions
appropriate?

3. Was the input entered correctly?

4. Do the input results seem
reasonable?

I
I
I
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APPENDIX 1
GENERAL CHECKING CRITERIA SHEET

ADDITIONAL COMMENTS

Number | Comment Resolution

1.

2.

3.

10.

Appendices A-L Calculation back-up

See following pages.
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A, Compressive strength for flexural buckling of members without slender elements (Section E3)

This calculation evaluates the strength of the W&x31 columns in the service beam support
struciure.

bf = B.00-1n te = 0435 flange dimensions

b
W= —f =0.195 width - thickness ratic of member

E-tf

E = 20000-Ek=1 F}_ ‘= 36-ks1  material properiies of A36 steel

:""p = 038 ||E =10.785  limit for compact sections (Table B4.1)

1 By
Ao }‘P therefore section is considered compact
k=1 effective length factor determined in accordance with Section C2
L=1%7-m laterally unbraced length of member

r=347m governing radius of gyration, taken from Table 1-1

EL _ 56.772 colurmn slendemess ratio

I

—
4.71- |E = 133681 when slendamess ratio is less than this value, Equation E3-2
F, applies

F
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KU

F, = = 88902 k=i
2
(EL)
y
FE .
Fopo= \0658 °)-Fy = 30382 ksi
A= 443"

]
-

E

first determine elastic critical buckling stress from
Equation E3-4

flexcural buckling stress Equation E3-3

gross cross sectional area of member from Takle -1

P:u. — cr"d‘g = 134501 = 11:-3.]bf nominal compressive strength

11 = 16T

E

c

4

P= 53441bf
E,
Pe—
Y

C

ASD Safety Factor

2 5059 % 10 - Thf allowable strength of column
0

applied load io column from FEA Case #2 results

therefore, column has adequates strength

B. Doubly symmetric members in Flexure and Compression (Sect. H1.1):

3
bt
L= £t = 18.5:5-in4 moment of inertia about y-axis referred to the
: 12 comprassion flange
L= 371 from Table 1-1
i =05 this value must be between 0.1 and 0.9 for Eqns. Hi-1a and Hi-1b to
L apply
Pp:= 5207.Ihf reg uired axial compressive strength from FEA Case 3 results
Py 4
P_= — =8050= 10 -1bf available compressive stremgth from previous

]
e

(al

calculation
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Py

P
— _0066 For — <02 EgnH1-1b applies
pC PI:

Tz compute Eqn H1-1b, required flesural strength and available flexural strength mus
be determined for both x-asis and y-axis from Chapter F

b
W= ﬂ—f =9.195 width - thickness ratio
21
f

Mo },_P therefore section is compact according to Table B4.1

The nomimal flexural strength shall be the lower value according to the limit states
of yielding and lateral-torsional buckling.

L:=197-in length of beam

pplied moment on column from FEA

- E]
Mp = 737731 lbf = 6148 = 10 -f't-Ihf:m #3 resulis

Section F2.1 Yielding:
Z,:=304 i|13 plastic section modulus about x-axis, from Table 1-1
F,=36ks minimum yield stress of A28 stes|

MI' = P?-zx =012= Inq-ﬂ-lbf plastic moment

My, = M‘P mominal flexural stremgth

ﬂb = 1467 ASD Safety Factor

» 4
M, = —= = 5461 10 &b

Section F2.2 Lateral-torsional buckling (LTB):

Ly:=L=187in unbraced length of beamn
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r=347-in radius of gyration in x-axis, from Table 1-1

LP = 1.76-r |5 = 173.334-igbower limit for LTE

The mext row of parameters are needed to determine Lr, and are taken from

Table 1-1

5= 275 1, 226m J=0536i by - 757@m

c:=1 from (F2-Ba)

I / 0.7F,, 5.k
1+ |1+ﬁ.?ﬁ-[ y “]:431.4954;1
A . E T

L= 1957, —— |2
1:'..'-1::‘. "|| Syl o

]_,1:I =Ly =L therefore nominal flexural strength for LTE determined by
Equation F2-2

Cp=1 pemitted to be conservatively taken as 1.0 for all cases

L _LP |
i ; - - 4
My = G My — (M, -{:-..--r},-srj- - ] = 8813 x 10" -f-Tbf
S )
k
M, = —{n - 5377 107 feIbf
LY
My = My =527Tx 1&4.1;'[.]1;.{ the lesser of the two values for Ma

Section FE.1 Yielding in members bent about minor axis

E = ].1._1.:'“1'Jr 5} = 9_3?.j113 parameters from Table 1-1

£

. 4
My, = FyZ, =423 x 10 -f1bf
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which must be less than 16F 5 =445 = lIZI4-ft-1b:f
. 1
= Y = = S-'-' -IT-
. :‘rip Moy . 2533 = 10 -fi-lbf
M= 1T-ilbf = 1417 f-1bf
So, now Egn Hi-1b cam be checked
B [N M
5 +[ _{H + —11_" =0.149 which must less than 1.0
2B, \ M, !-rIE}_
C. Welded connection of column to base plate:
Fy:= 570-Ibf 1-'3_. = 3683-If F, = 288-Ibf reactions at base of
. . - column
M, = 24800-in- [bf M}, = —lHnlbf M, = 60830 in-Inf
leg .= 0.375im throat = Li'_g = {.265in size of weld and throat
2

total kength of weld:

length g = 2-7885-in + 2-(7.005-in — 0.435m) + 2-(8-in — 2.0.435-I) =45.3T-m
ared q°= length ;o throat = 12.031-in
‘Weld has greater area and moment of inertia than the colummn

O, Allcwable shear on bolts [Section J3.8) for the base plate:

Fp, = 48-ksi nominal shear stress from Table J3.2

n=4 number of bolts d= 0875 nominal bolt diameter
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™ 2 . 2
"!"b = n-{:-d ] = 2405 in area of bolts

3
By = Fopofiy = 115454 = 107-Tbf
o mominal shear strength of bolted connection (J3-1)

[ 2

Rl:= | + 1=zl - §46.672-bf  Sum of shear forces

|

El<R, therefore, bolts have adequate shear strength

E. Allowable temsion on bolts (Section J3.6) for the base plate:

Fnt = ®)-ksi nominal tensile stress from Table 3.2
n=1 number of bolts d:=0875in mominal bolt diameter

A N
Ay = n-{%-d'] = 0.601-in" area of bolts
\

By = Fppdy = 54119 % 11}‘:'.II;.f nominal tensile strength of single bolt (J3-1)

f:= 200 ASD safety factor R, = 5 _ 17059 % 10° ofallowable tensile
! strength
1_ = 6025 S moments of inertia for bokt pattern

= 5-in distance of bolt from neutral axis

Siress in bolt from X-moment and Z-moment

_ . 31
t:= 200 ASD safety factor Bat= oo 1345410 E%wable shear strength
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M, ¢ 3 _ M, -c

sigma, = I =2.058 = 107 -psi sigma,, = L =5.048 > lﬂj-ps.l
¥¥

sigma := sigma, + sigma = 1106 lﬂ"-prs:i
equivalent tensile force on bolt:
B2 = sigma-fy = 4273 % 107 -Ibf

B2<R, therefore, the two bolts in the base plate adequately strong

F. Bearing strength at base plate bolt holes (Section J3.10):

F, = 58ksi mimimunm tensile strength of the material

L = i-in clear distance from edge of hole to edge of material
14
t:=1lim thickmess of material

By = LOL tFy =32.625x 107-Ibf  nominal bearing strength, Equation (J3-6c)

1= 200 ASD safety factor

By 3

R, = H = 16312 x 107 -Ibf dllowable bearing strength
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z. Weld shear strength in weld between beam and columm:

[From photo and measurements, appears to be 38" fillet, 8" in length, both sides)

throat := D'ilf'm = 0.265-in throat of 308" fillet weld
2
!
Ay, o= (throat-8-in)-2 = 4.243-in area of weld
Fpyy = 60-ksi Ultimate tensile strength of filler metal

Fy = 0.60-Fgyme = 36000 = 1&3.1:5;1 Mominal tensile strength of filler metal
B, =F A, =150T35x 11:-3.Il;.f Mominal strength of weld

=200 ASD Safety Factor

R, = % 7636310 Isf  Allowable shear strength of fillet weld

H. Allowable shear on bolts (Section J3.6) for the beam to beam connection:

Fn'.' = 48.ksi nominal shear stress from Table J3.2

n:=4  numberof bolts d-=05in rominal bolt diameter

. | il
Ay = n-(%-d'] - 0785 area of bolts
\

B = Fp, oAy = 37.600 x ]Dj.]hf nominal shear strength of bolted connection (J3-1)

=200 ASD safety factor R, = ;_1;1 =1B85= 1&'1'.1]31' allpwable shear strength




